Sensory signals are processed in the brain by dedicated neuronal circuits to form perceptions used to guide behavior. Drosophila, with its compact brain, amenability to genetic manipulations and sophisticated behaviors has emerged as a powerful model for investigating the neuronal circuits responsible for sensory perception. Vision in particular has been examined in detail. Light is detected in the eye by photoreceptors, specialized neurons containing light sensing Rhodopsin proteins. These photoreceptor signals are relayed to the optic lobes where they are processed to gain perceptions about different properties of the visual scene. In this review we describe recent advances in the characterization of neuronal circuits underlying four visual modalities in the fly brain: motion vision, phototaxis, color and polarized light vision.
A fundamental goal in neuroscience is understanding how neuronal circuits interpret sensory signals in the brain to form behaviorally-relevant perception. The fly Drosophila melanogaster, a powerful model for developmental biologists, has recently emerged as a prolific system to elucidate complex problems in functional neuroscience, especially sensory perception. This 'simple' organism is capable of many sophisticated behaviors and combines the advantages of a rather compact brain (only 200 000 neurons) with a large toolbox for genetic manipulation. These attributes make the fly an attractive model for reaching a complete understanding of microcircuits underlying a given sensory modality -to link specific cell types to a given behavior.
The visual system of the fly has been particularly well studied. While the development of the complex pattern of light-sensing photoreceptors in the eye has been elucidated in exquisite detail [1] , the role of these sensory receptors and their downstream circuits in visual perception is emerging. In this review we will focus on recent advances in the identification and characterization of microcircuits underlying four different visual modalities: motion vision, phototaxis, color and polarized light vision.
The eye and the optic lobe
The fly eye contains about 800 independent unit eyes called ommatidia, corresponding to 800 pixels in the animal's visual field. Each ommatidium is composed of eight photoreceptor cells: six outers (R1-6) and two inners (R7 and R8) (for review on this section, see [1] ) ( Figure 1a ). R1-6 photoreceptors, the equivalent of mammalian rods, all express the same broadband Rhodopsin Rh1. They are involved in dim light vision and the perception of motion [2] . Similar to mammalian cones, R7/R8 photoreceptors express different Rhodopsins in a pattern that defines two subtypes of stochastically distributed ommatidia (Figure 1b ). These are involved in color vision [2,3 ,4] : 'pale' ommatidia have the UV-sensitive Rhodopsin Rh3 in R7 and blue Rh5 in R8, while 'yellow' ommatidia have another UV Rhodopsin (Rh4) in R7 and the green-sensitive Rh6 in R8 (Figure 1a ,c). The rhabdomeres (i.e. light gathering structures made of microvilli containing the Rhodopsins) of R7/R8 are staked one on top of the other and hence share the same lightpath, providing the ideal configuration to compare their outputs. A third type of ommatidia is found in a narrow band of ommatidia in the dorsal rim area (DRA) of the eye, where both R7/R8 photoreceptors express the same UV Rhodopsin Rh3 (Figure 1a ). These morphologically specialized ommatidia are involved in the detection of the e-vector of polarized skylight for navigation [5 ] . Finally, both UV-Rhodopsins are co-expressed in R7 cells of the 'yellow' subset in the dorsal third of the eye, a region of the eye pointing towards the sky [6] . The function of these ommatidia remains elusive, although they have been proposed to be involved in the detection of solar versus anti-solar orientations.
Photoreceptors are sensory neurons that send their axons to the optic lobe, which is organized retinotopically (Figure 1d ). The first level of neural integration of visual information is the lamina, where R1-6 photoreceptor axons terminate [7] (Figure 1d ). Each pixel in the field of view of the fly corresponds to one column (or cartridge) in the lamina, as well as in the subsequent neuropil called the medulla, where R7/R8 photoreceptors terminate [8] . Each lamina cartridge contains 11 distinct classes of neurons [7] . The medulla is much more complex, with at least 70 different cell types being represented [7] . Lobula and lobula plate are higher level processing centers, with lobula thought to be involved in the processing of color vision [9] , spectral preference [10 ] and polarized light vision [11] while the lobula plate is the site of motion detection [12] (Figure 1d ).
Motion detection
The perception of motion is by far the best-studied visual modality in the fly. It is critical for prey capture and mating, not to mention integration of the fly's own movement in the world. Mechanisms describing how neurons compute direction-selective signals by interpreting spatiotemporal changes in luminance have been studied extensively, starting with seminal work in other insects. In the 1950s, Hassentein and Reichardt developed their now famous, eponymous correlator model (Hassentein and Reichardt Correlator: HRC) by examining the optomotor response of the beetle Chlorophanus, that is, its tendency to rotate with the visual field to maintain a straight heading in its perceived environment [13] . Drosophila also displays a very robust optomotor behavior [12] , which has been demonstrated to rely largely on R1-6 photoreceptors [2, 14] . This behavior is typically measured using tethered flies that are either flying in a flight simulator, or walking on an airsuspended ball, while a motion stimulus is presented [15] . 
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The eye and the optic lobe of adult Drosophila. (a) A single ommatidium contains eight photoreceptors, six outers R1-6 (grey) and two inners R7-8 (colors). Outers express the Rh1 opsin, R7s express either Rh3 or Rh4 while R8s express Rh5 or Rh6. Four types of ommatida are found in the eye. 'Pale' and 'yellow' ommatidia are distributed stochastically in the main part of the eye. In the dorsal third, pale and specialized dorsal third yellow subtypes are found (not shown). In one to two rows of ommatidia in the dorsal rim area (DRA) of the retina, the remaining DRA subtype is found. (b) Stochastic distribution of Rh5 (blue) and Rh6 (green) expressing R8s in the main part of the eye. (c) Normalized spectral preference curves of the different rhodopsins expressed in the eye of the fly. Rh1 shows broad spectral sensitivity peaking in both the blue and the UV due to the presence of a sensitizing pigment (Modified from Ref. [3 . (d) Photoreceptors project to the optic lobe. Outer photoreceptors send their axons to the lamina while R7/R8 photoreceptors send theirs to the medulla. The lobula is involved in spectral preference, color and polarized light vision. The lobula plate is a center for motion detection.
The HRC model consists of two spatially separated input channels, where the response of one channel is slower as compared to the other (Figure 2a ). This delay allows direction-selective amplification (multiplication) of signals generated by motion in front of the correlator only when the delayed and non-delayed signals coincide in time, indicating that an edge was moving in the preferred direction. In a subsequent step, the output of a correlator is subtracted from a mirror-imaged correlator, thereby producing responses that have different signs for opposite directions ( Figure 2b) . A growing wealth of data has demonstrated that motion responses in Drosophila display the fundamental signatures predicted by the HRC [16, 17] .
Recent anatomical and functional work focusing on the different cell types in the optic lobes of Drosophila has defined a precise neuronal circuit for motion detection.
Visual circuits in flies Behnia and Desplan 127 Lobula plate tangential cells (LPTCs) (Figure 2c ) are the outputs of the motion pathways and respond to wide-field motion in a direction-selective manner [12] : they depolarize to their preferred direction and hyperpolarize to the opposite direction [18] (Figure 2c ). Two parallel pathways lead from photoreceptors to LPTCs [19 , 20 ,21
,22], one for the detection of moving light edges and one for dark edges (Figure 2c) , as all visual motion can be described as a combination of these two. In the moving light edge-specific pathway, lamina monopolar L1 neurons, postsynaptic to photoreceptors, act as inputs, while direction selective lobula plate T4 neurons, presynaptic to LPTCs, act as outputs. Similarly, different lamina monopolar cells called L2 and lobula plate neurons T5 have equivalent roles in the pathway that detects moving dark edges. These findings suggest that two ON/OFF HRCs act in parallel in the optic lobes. Recently, two pairs of medulla neurons were identified in each of the pathways that process motion signals between the lamina inputs and the lobula plate outputs [23 ,24 ] . In the moving light edge pathway, L1 cells connect specifically to columnar (i.e. present in each column) medulla cell types Mi1 and Tm3, which then both synapse onto T4 [23 ] . In the moving dark edge pathway, L2 cells specifically connect to columnar medulla cell types Tm1 and Tm2, which then synapse onto T5 [25, 26] (Figure 2c ). Both activity imaging using the genetically encoded calcium sensor Gcamp5 and electrophysiological recordings confirmed the segregation of light 'ON' information into Mi1/Tm3 cells, and light 'OFF' into Tm1/Tm2 [24 , 27, 28] (Figure 2c ). Moreover, recordings show that within each pair of neurons, there is a differential temporal processing where Mi1 responds slower than Tm3, and Tm1 responds slower than Tm2 [24 ] . Therefore, Mi1/ Tm3, appear to act as the delayed and non-delayed arms of an 'ON' HRC for moving light edges and Tm1/Tm2 play equivalent roles in an 'OFF' HRC for moving dark edges (Figure 2c) . Nonetheless, the synapses between Mi1/Tm3 and T4, and those between Tm1/Tm2 and T5 could impose additional delays to either input channel before a correlation operation.
Each medulla column is surrounded by not one but four different morphological subtypes of T4 cells (T4a,b,c,d ) and four subtypes of T5 cells (T5a,b,c,d ), which terminate in four different layers of the lobula plate [26] (Figure 2d) . Each of these four subtypes of T4 and T5 neurons responds specifically to one of the four cardinal directions of motion (up, down, left, and right) [21 ] , making each layer of the lobula plate specifically sensitive to one direction of motion (Figure 2d) . In every layer, T4 and T5 subtypes make excitatory synapses along the dendrite of wide-field motion detectors LPTCs [29] . The subtraction is implemented through a push-pull mechanism [30] , where excitatory cholinergic inputs from T4 and T5 and inhibitory GABAergic inputs from interneurons are spatially integrated on the LPTC dendrites.
Motion circuits are, however, likely much more complex than this simple circuit. For example, in addition to aforementioned Tm1 and Tm2 medulla columnar cells, two other cell types (Tm9 and Tm4) also synapse onto T5 cells [26] . The role of these latter cell types in dark edge detection remains to be defined. Moreover, lamina neurons L3 and L4 have also been implicated in the detection of dark edges [27, 31] but the nature of their contribution remains to be clarified. Finally, the biophysical implementation of the multiplication (or other non-linearity) step in the HRC, remains undefined. A model invoking the interplay of different metabotropic and ionotropic channels on T5 [26] has been put forward.
Phototaxis
Drosophila exhibits positive phototaxis [32] , that is, when given a choice between light and darkness, it moves towards the light. Moreover, Drosophila exhibits positive phototactic behavior towards short wavelengths of light: in a blue versus green choice assay, flies choose blue, and in a UV versus blue choice, they choose UV [33] . Importantly, this choice can be reversed if the intensity of the preferred color is reduced, which makes this behavior dependent on both wavelength and intensity and thus different from true color vision (see next section). Ethologically, this choice behavior likely allows the fly to perceive UV light as a sign of open space and hence an escape route. Indeed, since most objects in nature absorb rather than reflect UV radiation, the main source of natural UV light is the open sky.
All PR types contribute to phototaxis [33] . As might be expected from their wavelength sensitivity (Figure 1c) , R8 cells play a major role in the blue versus green choice, while R7s are necessary for UV choice. Additionally, R1-6 photoreceptors have also been implicated in UV attraction (see Figure 1c , the peak of Rh1 in the UV is due to a sensitizing pigment [34] ).
R7 photoreceptors connect to a multi-columnar (i.e. connecting to multiple columns) local neuron, the wide-field amacrine cell Dm8, which is necessary for UV spectral preference [35 ] (Figure 3a) . Each Dm8 cell receives inputs from approximately 16 R7s [10 ] (Figure 3a) , which suggests a neural pooling mechanism across many points in space for enhanced UV phototaxis. The output of Dm8 neurons is, in turn, passed through excitatory synapses to the columnar neuron Tm5c in the medulla [10 ] , which then projects to the lobula (Figure 3a ). Tm5c cells are also necessary for UV preference in a green versus UV phototaxis assay. Overall, this connectivity increases UV sensitivity at the expense of spatial resolution. Interestingly, Tm5c also receives additional inhibitory columnar inputs from R8 photoreceptors, which are required for phototaxis towards green light in a dark versus green choice assay, but not towards UV light in a dark versus UV assay [10 ] . The role of this double inhibitory input (from R7, through Dm8, and from R8) on Tm5c is unclear.
Color vision
Color vision is the ability of most diurnal animals to distinguish between lights of different spectral composition independently of intensity. It increases the salience of objects in complex visual fields and can be used to identify important features such as sources of food (i.e. fruit or flower among foliage or ripe vs. unripe fruit), as well as suitable mates. Color vision cannot be achieved with a single photoreceptor class, as this would make it impossible to distinguish between wavelength and intensity [36] . Instead, color vision requires comparing the output of at least two photoreceptor classes with different spectral sensitivity (i.e. different Rhodopsin expression) [37] (Figure 3b ). In the mammalian brain, this comparison is processed by color-opponent neurons, which exhibit an excitatory response to a certain range of wavelengths and an inhibitory response to wavelengths from the opponent part of the spectrum [38, 39, 40] (Figure 3b) . Drosophila has the neuronal hardware necessary for wavelength comparison, with four distinct types of R7/R8 photoreceptors: 'pale'/'yellow' R7 and 'pale'/'yellow' R8 photoreceptors (Figure 1a) . Two recent behavioral studies using color learning have shown that the fly is capable of color vision, although with limited discriminatory power, at least under the conditions tested. A population assay [3 ] relies on gustatory reward association with color while a single-fly flight simulator assay [4] relies on aversive heat association. Importantly, in both cases, color learning is independent of the intensity of the stimulus.
Flies with only their R7/R8 photoreceptors intact retain color vision whereas those with only functional R1-6 photoreceptors can no longer distinguish blue from green [3 ,4] . However, the population assay also revealed a contribution of R1-6 photoreceptors in blue versus green discrimination in combination with 'yellow', Rh4-expressing R7s [3 ] . This was unexpected since Rh1, which is expressed in all R1-6 photoreceptors, manifests a broad excitation spectrum (Figure 1c) , contrary to the Rhodopsins expressed in R7/R8 photoreceptors. Together R7 and R8 form a separate morphological subsystem projecting longer axon fibers to the medulla neuropil and have thus long been considered to be the sole inputs for color vision [2] .
Several medulla neurons have emerged as candidate elements of the neuronal circuits processing chromatic information, mostly through the identification of postsynaptic partners for R7/R8 photoreceptors [4] . Two very similar medulla cells, Tm5a and b are postsynaptic to R7 while a third (Tm5c) is postsynaptic to R8 (see section 'Phototaxis'), as is the transmedullary neuron Tm20. Tm5a shows an interesting connectivity as it is specifically found postsynaptic to Rh4-expressing 'yellow' R7 cells [10 ] . From behavioral experiments, it appears that Tm5a,b,c and Tm20 act in parallel, redundant pathways for color vision [4] . Finally, four morphologically distinct classes of so-called TmY medulla neurons, which send bifurcated axons to both the lobula and lobula plate neuropiles, are specifically activated post-synaptically to 'pale' or 'yellow' R7 or R8 [41] but their function has not been tested in detail.
All of the above-mentioned neurons are likely to relay chromatic information and represent pre-processing elements in potential color opponent pathways, comparing the output of R7/R8 photoreceptors from the same ommatidum or 'pale' and 'yellow' R7/R8 photoreceptors. Color opponent neurons have been found in other insects such as bees, and are located in the medulla [42] , lobula [43] and optic tubercule [44] , but neurons with such properties remain to be identified in Drosophila.
Polarized light detection
Light can be described as an electromagnetic wave. Its electric and magnetic fields vibrate in planes perpendicular to each other and to the direction of propagation. The evector of light describes the orientation of these fields (Figure 3c ). Direct sunlight is not polarized; all e-vector orientations are represented equally. However, it becomes polarized when it is scattered by particles in the atmosphere. This creates concentric bands of linearly polarized light around the sun, which, even on a cloudy day, can allow for an estimation of the position of the sun (Figure 3d) . Drosophila can detect the pattern of linearly polarized light [5 ] , like many other insects that use it to improve their navigational skills [45 ] .
A population assay where the movement of walking flies exposed to linearly polarized light is monitored shows that flies exhibit a spontaneous tendency to align their body axis parallel to the incident e-vector of polarized light (polarotaxis) [5 ] . Using this assay, the authors showed that R7 and R8 in the DRA (which both express the same UV-Rh3 and thus cannot be involved in color vision) are both necessary and sufficient for polarotaxis. In the DRA, the rhabdomeric microvilli of R7 and R8 are untwisted and oriented orthogonally to each other (R7 vs. R8), resulting in high polarization-sensitivity, which allows these R7 and R8 cells to act as potent polarization detectors. In contrast, non-DRA R7 and R8 cells involved in color vision have twisted rhabdomeres to disrupt the detection of polarized light that could interfere with color vision. In addition to dorsal polarotaxis mediated by the DRA, Drosophila can also detect polarized light presented ventrally [5 ,46] . Such ventral polarotaxis remains poorly understood but it might be useful for the animal in detecting or avoiding water surfaces, which reflect polarized light. This behavior is mediated by ommatidia located in in the ventral third of the eye, in which a combination of R1-6 and R7/R8 photoreceptors also manifest partially untwisted rhabdomeres [5 ] .
The neuronal circuits processing polarization downstream of R7/R8 photoreceptors have yet to be identified. Polarization opponent interneurons receiving inputs from R7 and R8 of DRA ommatidia have only been described in the medulla of crickets and so-called 'compass' neurons with maximal sensitivity to discrete e-vector orientations were described in desert locusts [47] . It remains unknown whether cells with similar properties exist in Drosophila, or whether different cell types are recruited for polarization vision. Due to the dominant role of R7 and R8 as input channels in both color and polarization vision, it will be interesting to compare the mechanisms for processing these two stimuli. Indeed, different regions of the optic lobes could utilize similar neuronal configurations for discrimination of either color (downstream of main region R7/R8 cells) or polarized light (downstream of DRA R7/ R8 cells).
From the optic lobe, visual information is further processed in the central brain. The connections between these two brain areas are poorly understood [49] . In the central brain, the central complex, in particular, has been shown to be involved in other high level visual modalities such as feature detection (object size, contour, length, orientation of edges, or elevation in the panorama) and spatial memory [50,51 ,52 ] . The role of these central structures in the processing of the modalities discussed in this review as well as their role in other visually guided behaviors needs to be addressed. There is no doubt that, in the next few years, this and many of the unknowns we have discussed will be mapped to specific neuronal circuits, leading to a better understanding of how the visual world is represented in the brain.
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